enzae. J. Bacteriol. 83:851-859. 1962 .-By following the cytochrome and catalase concentrations during the growth cycle and under various growth conditions in Haemophilus parainfluenzae, a rapid increase in the cytochrome oxidases and a large increase in cytochrome cl concentration can be demonstrated between log-phase and stationary-phase cells and between vigorously aerated and anaerobic growth conditions.
The three cytochrome oxidases develop differentially under various growth conditions. The principal oxidase formed in vigorously aerated cultures is cytochrome o. With limited aeration, maximal development of cytochrome a2 occurs; with anaerobically grown cells, there is a marked increase in the concentration of cytochrome a,. With the rapid increase in cytochrome cl concentration, soluble, nonenzymatically reducible cytochrome cl is also formed, which remains in the bacterial cell sap. From these data it is postulated that the electron-transport system is assembled from individual components which can be modified by the growth conditions. The cytochrome c, may be synthesized in the cell sap and then incorporated into the electron-transport system. Previous studies with Haemophilus parainfluenzae harvested in the stationary phase showed that the cells respire by way of a cytochrome-linked system composed of six cytochrome pigments. Intact cells are able to oxidize a number of substrates and also the reduced form of diphosphopyridine nucleotide (DPNH) . These stationary-phase cells contain a relatively large amount of cytochrome cl, part of which is not reducible enzymatically and which is released into solution when the cells are ruptured . Additional cytochrome cl can be removed from insoluble respiratory particles by washing with buffer; this eventually results in a decrease in the respiratory rate of thees particles. The other cytochromes and flavoproteins remain attached to the particles during the washing. Cytochrome cl that remains bound to the particles can be reduced and oxidized during electron transport. Stationary-phase cells contain little or no catalase activity ).
The present work shows the changes in cytochrome and catalase content during the growth cycle and under different growth conditions of H. parainfluenzae. Log-phase cells contain lower concentrations of cytochromes and more catalase than stationary-phase cells. There is a relatively greater concentration of cytochromes cl, a,, and o and lower catalase in cells grown anaerobically than in cells grown with vigorous aeration. With limiting aeration, larger amounts of cytochromes cl, a,, and a2 appear than are present in vigorously aerated cells.
MATERIALS AND METHODS
Growth of bacteria. The bacterial strain and media have been described previously . In this study, bacteria were grown in a jacketed Woulff bottle with a 240 by 150 mm growth chamber, containing 3 liters of media. A Teflon7coyered.stirring'bar, 75 mm in length and running at a rapid rate, was used to agitate the culture. Air or nitrogen was introduced to the chamber through cylindrical (45 by 15 mm) coarse-pore sintered-glass filter. Temperature was maintained at 37 C by circulating heated water through the jacket. Under these conditions of growth, the bacteria appeared as discrete coccobacillary forms.
Vigorous aeration was achieved by passing 2.5 liters/min of air through the culture. Limited aeration refers to cultures grown with 250 ml/rnin of air passed through the culture. Anaerobic growth represents growth where prepurified nitrogen was bubbled through the culture at a rate of 100 ml/min, from a period beginning 2 hr before 851 inoculation and lasting until the experiment was completed. With this system, the stationary phase could be reached in from 3 to 6 hr for aerated cultures and from 6 to 10 hr for anaerobic cultures, depending on the inoculum size. The usual inoculum was 108 stationary-phase organisms.
Bacterial assays. For viable counts, the medium Spectra were measured using the differencespectra methods described by Chance (1954) , and were plotted as described previously The cytochromes mayr be chemically reduced by adding to the cuvette a few mg of Na2S204 and bubbling with N2 to miix. The presence of DPN nucleotidase activity Ind comlpleteness of reduction may be checked with the oxygen electrode as described previously .
Carbon monoxide sl)ectra were obtained by bubbling the gas into cell suspensions reduced with either DPNH or Na2S2O4 and measuring the spectra against reduce(d cells. The bubbling was continued until saturation occurred.
To measure nitrate reductase activity, cells reduced with DPNH wN-ere compared; then one . Cytonitrate in the absence of oxygen (White and chrome cl is measured from its maximum at (Herbert and Pinsent, 1948) and Rhodopseudomonas spheroides (Clayton, 1956 ) have identical first-order rate constants and molecular weights (Chance and Herbert, 1950; Clayton, 1956 Fig. 1 . measured from the peak at 540 m,u to the trough at 500 to 520 m,u in the CO spectra. Cytochrome al is measured where a definite maximum occurs between the maximum at 435 m,u and a line extending from the side of the cytochrome o maximum at 416 m,u in the CO spectra. Cytochrome a2 is measured from its maximum at 640 m,u to the base line at 700 m,u. Cytochrome b1 is measured between the maximum at 450 mu and the reference point at 700 m,i in the reduced vs. oxidized spectra. The level of reduction of these last two pigments must be cautiously interpreted in log-phase cells where there is a small endogenous respiratory rate. The difference spectra will give values lower than the true values.
Stationary-phase cells can be washed with buffer six times, as described, without significant change in the ratio of DPNH-reducible to Na2S204-reducible cytochrome cl (ratio = 0.62 i 0.018). The accuracy of the determination of the kobs =-X ln°t XI x0 = the concentrationi of H202 at time 0 (35 ,UM H202) and xt = the concentration of H202 at time t. The measurements are made at 25 C. The kobs agreed 45% in four mneasurements and shows no tendency to decrease at longer times Reagents. Reagents were as described previously (White and Smitlh, 1962) .
RESULTS
The changes in cytochrome content during the growth phase of vigorously aeratecl cultures are plotted in Fig. 1 . As the stationary phase continues, there is a threefold increase of total cytochrome c] and a twofold increase in DPNH-reducible cytochrome cl. Synthesis of this cytochrome continues into the period of cell death. Log-phase aerobic cultures show a l)redominant cytochrome bi (560 mu) maximunm which hides the cytochrome cl in the a region, anid a prominent soret maximum at 427 mgu ( Fig. 2A) half the cytochrome cl as DPNH reducible (Fig.  3A) . As the aging process continues the DPNHreducible cytochrome cl decreases until the cytochrome bi maximum appears again (Fig. 3A,   inset) .
If the bacteria are grown with limiting aeration, the final cell density reached (470) is nearly equal to that with vigorous aeration (480), and cell death is delayed by 7 hr (Fig. 4) . They have a similar increase in cytochrome cl. In the logphase spectrum, a prominent shoulder at 561 m,u of cytochtome b1 can be seen. Certain differences are apparent, however. The total cytochrome cl formed is threefold greater than the maximum developed with vigorous aeration. A prominent cytochrome as maximum at 425 mu in the CO spectrum develops and decays with the onset of cell death. The cytochrome a, oxidase reaches its maximum 4 hr before the DPNH-reducible cytochrome cl maximum level. The concentration of DPNH-reducible cytochrome a2 is nearly double that formed with vigorous aeration and does not decay with time. Cytochrome o remains at nearly the same level, and follows a similar pattern of development as in vigorously aerated cultures.
Bacteria grown anaerobically develop cytochrome patterns as plotted in Fig. 5 . The highest levels of cytochrome cl are achieved in this condition. Maximal cytochrome cl synthesis begins in early log phase. The cytochrome a, develops to a level slightly higher than with limited aeration, and its maximal development appears 2 to 4 hr after the maximal development of DPNHreducible cytochrome cl. Essentially no cytochrome a2 forms. The cytochrome o formed is nearly double that formed in the presence of air, and the onset of cell death is delayed 12 hr, as compared with cells grown with limited aeration. Log-phase anaerobically grown cells contain sufficient cytochrome cl to mask a cytochrome b, maximum (Fig. 2B) (Fig. 2A) . c Indicates maximum hidden under an adjacent cytochrome maximum. d Seen in DPNH-reduced spectra (Fig. 3B) of very old cells. c1 is small enough, however, to allow the shoulder of cytochrome b1 to be seen in the soret region of the spectrum. The 600 m, maximum of cytochrome a, is easily seen in the physiologically reduced vs. oxidized spectrum. In log-phase cells the amount of cytochrome o is about one-half and the amount of cytochrome a, is one-seventh that formed in the stationary phase. However, cells grown under these anaerobic conditions form relatively huge amounts of cytochrome a, (Fig.  3B) . These difference spectra represent bacteria in the same growth phase as those shown in Fig. 3A . Through the growth cycle aerobically grown cells contain half the cytochrome cl and oxidase o as cells grown anaerobically. Anaerobically grown cells contain between 4 to 7 times the cytochrome a, of aerobic grown cells. Cells grown with limiting aeration form twice the cytochrome a2 of vigorously aerated cells and at least 10 times the concentration found in anaerobically grown cells.
The oxidases a, and o increase during the stationary phase under conditions of limited aeration and anaerobiosis. WYith prolonged incubation, the concentration of DPNH-reducible oxidases a, and o gradually decrease. At this time the oxidases are present at their maximal level when measured after chemical reduction.
The relative amounts of DPNH-reducible cytochromes formed under these v-arious growth conditions are presented in Table 1 , and the maximal cytochrome formed in Table 2 .
Catalase activity was measured under conditions where the disappearance of H202 with time is constant. There is little if any permeability barrier to H202, as intact cells are as active as various broken-cell preparations. Catalase activities calculated as per cent of bacterial protein from the rate constant and molecular weight of the two crystalline catalases are plotted in Fig. 6 . Log-phase anaerobic cells contain much less catalase activity than cells grown with vigorous aeration. Cells grown with aeration tend to lose catalase activity rapidly during the late stationary phase; anaerobically grown cells lose activity at a much slower rate. (Table 2) .
DISCUSSION
These bacteria grown under these conditions require electron transport through the oxidases for growth, and anaerobic growth is nitrate dependent .
The order of cytochrome reduction from DPNH to terminal electron acceptor is assumed to be the same as in other cytochrome systems (Fig. 7) .
The DPNH oxidase flavoprotein concentration in both phases and between aerobic and anaerobic growth conditions are nearly equal. The cytochrome bi seen in the log phase of both aerated growth conditions increases only slightly by the time it can be detected in the stationary phase where most of the cytochrome cl is not DPNH reducible. Even with the underestimate inherent in the concentrations of these two pigments from the low log-phase endogenous respiration, their level does not increase remarkably, either with the log to stationary phase or the aerobic to anaerobic growth transitions. The cytochrome cl and oxidases, on the other hand, increases 2-to 7-fold between log and stationary phase, and between aerobic and anaerobic growth conditions.
In these bacteria, there is an onset of rapid cytochrome cl synthesis which begins earlier in With prolonged incubation, both the enzymatically reducible cytochrome cl and the oxidases a, and o decrease. One can visualize a compensatory mechanism for unfavorable growth conditions as the formation of an increasinglv branched electron-transport system involving a network of enzymatically reducible cytochrome c1 molecules connecting a DPNH oxidase flavoprotein to several oxidase molecules (Fig. 7) .
This study indicates that at least a part of the cytochrome c1 is synthesized in the solute form. Perhaps this is detectable as DPNH non-reducible after saturating its sites of attachment to the membrane. The oxidase molecules are very likely made individually, then assembled into the electron-transport system; the pattern of oxidase concentrations can change remarkably under conditions of little or no cell division.
Where nitrate becomes the terminal acceptor of electrons, cytochrome a1 is synthesized in largest amounts. This reaction is much less efficient than that of oxygen, in terms of generation time, despite the 50-fold concentration advantage. An additional compensatory mechanism has been detected in the appearance of an unknown system that completely removes nitrite from the media during the stationary phase (White, unpublished data) . Nitrite is toxic to the respiratory system 
